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ABSTRACT 
 
 
There have been large developments in metallic material systems over the past century. 
The mechanical properties of metals have been manipulated by varying the composition 
of alloys. In this thesis we characterize two metal-based metallic systems: novel metal 
carbon materials (covetics) and additive manufactured Inconel. 
 
Recent efforts have led to the discovery of a new class of material called covetics, in 
which metal and carbon are combined in a new way via a hybrid of metallic and covalent 
bonds. 
 
First, nanoindentation is used to evaluate the mechanical properties of copper-carbon 
covetics with varying compositions. Test specimens are as cast and have compositions of 
0, 3, 5, and 9 weight percent activated carbon. Additionally, this study investigates the 
mechanical properties of some W-series copper-carbon composites. Four different 
compositions were compared: 0.83 weight percent activated carbon, 2 weight percent 
activated carbon, 0.167 weight percent carbon nanotubes, and 0.67 percent graphene 
nanoplatelets. Base metal, standard copper 10200 was also tested for comparison. 
 
Results of nanoindentation showed that there was no distinct trend in hardness or 
modulus values for the covetic samples tested. However, the specimen with 9 weight 
percent carbon had the largest hardness and modulus values. It was found that the covetic 
specimens had lower hardness and modulus values than the base metal, suggesting the 
copper 10200 specimen had some plasticity. The W-series specimens showed no 
significant differences in hardness or modulus values, regardless of composition. 
  
Along with investigating a new class of material systems, this thesis also investigates the 
mechanical properties of additive manufactured alloys. Inconel 718 test specimens with 
varying degrees of porosity were fabricated via direct metal laser sintering. Drop-weight 
impact tests, uniaxial compression tests, and hardness tests were used to compare 
 iii 
mechanical properties across various densities. Additionally, the external and internal 
structures of the specimens were analyzed through the use of micro-computed 
tomography and scanning electron microscopy. 
 
The results of drop-weight impact tests showed that there was a significant drop in energy 
absorption once porosity is introduced into specimens. Uniaxial compressions showed 
similar results with modulus and yield strength values decreasing as more porosity is 
introduced. Stress-strain curves of porous specimens possessed two linear regions, which 
is often found in foams. Scanning electron microscopy and micro-computed tomography 
showed an open-cell foam-like structure throughout the specimens. It was found that the 
specimens with the two lowest densities had large voids corresponding to unsintered 
regions. 
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CHAPTER 1: INTRODUCTION 
 
 
1.1 Strengthening of Metals 
 
The mechanical properties of metals can be manipulated through a variety of 
traditional methods. For instance, strain hardening consists of plastically 
deforming metals in order to increase the dislocation density in the crystal lattice 
[1]. The increase in density results in a larger yield strength. The opposite effect 
can be achieved through heat treatment, where exposure to a high temperature for 
an extended amount of time allows for the metal to go through three key stages: 
recovery, recrystallization, and grain growth [2]. 
 
Another approach towards changing the mechanical properties of metals is to vary 
the composition. This can be achieved through alloying, where an element or 
combination of elements is combined with a base metal. These alloying elements 
can either substitute the position of the primary element, or it can remain in an 
interstitial site within the atomic lattice [3]. The introduction of alloying elements 
allows for control over hardenability, strength, ductility, and other properties of 
the material. Another method of strengthening metal-based materials is to create a 
metal matrix composite.  
 
 
1.2 Metal Matrix Composites 
 
Introducing a second phase into a metal matrix allows for control of mechanical 
and electrical properties. The filler phase in metal matrix composites comes in a 
variety of shapes, but the two most popular forms are particles and fibers. 
Typically the filler has a larger elastic modulus and tensile strength than the 
matrix material. The addition of these fillers results an improved stiffness and 
strength, when compared to a base metal [4]. Also, the presence of inclusions 
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introduces a variety of mechanisms that improve resistance to fracture such as 
fiber bridging and Orowan looping (dislocation bowing) [5]. 
 
Despite the benefits associated with composites, there are several obstacles that 
need to be overcome when dealing with two or more phases. Firstly, the interface 
between the two phases greatly affects mechanical properties [6]. Having a 
stronger interface between the phases typically leads to a stronger material. 
Another potential issue is the difference in coefficients of thermal expansion 
between the two phases. If a composite is exposed to a large range of 
temperatures, thermal strains could result in increased internal stresses within the 
composite.  
 
Aside from filler shape, the size of the second phase also greatly affects material 
properties. Nanoscale fillers are of particular interest since their large surface area 
to volume ratio allow for improved properties with lower volume fractions of the 
second phase [7]. Several forms of carbon are commonly used in nanocomposites. 
Common forms include graphene nanoplatelets and carbon nanotubes. Carbon is 
also a key element used in another form of strengthened metals: covetics. 
 
 
1.3 Covetics 
 
Covetics are a new class of materials that introduce a new method of combining 
carbon with metallic elements. These materials are having a strong bond that is 
both metallic and covetic in nature, allowing for strong bonding between both 
components. This bond is formed by running an electric current into a molten 
metal-carbon mixture at high temperature, resulting in a material with improved 
properties [8]. Considering a new bond has been found in these materials, it is 
important to understand the relationship between carbon content and the 
mechanical properties. In this thesis, nanoindentation is used to determine the 
mechanical properties of covetics with varying weight percentages of carbon. 
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1.4 Additive Manufactured Alloys 
 
Additive manufacturing is a rapidly growing approach to fabricating complex 
parts in relatively short period of time. This technology is particularly useful in 
the fabrication of prototypes, where it is unreasonable to invest in high tooling 
costs associated with other manufacturing methods.  
 
There is a large range of materials used for additive manufacturing. Although 
polymers are the most commercially available material for additive 
manufacturing, metal-based methods have been developed. A large majority of 
these metal-based processes utilize a bed of metal powder as the starting medium. 
A high power laser is then used to either melt or sinter the powder into a 
continuous metal structure. Several layers of powder are processed in this manner, 
resulting a completed part. 
 
These manufacturing methods, however, have some shortfalls. For instance, 
additive manufacture components typically have internal voids, which can prove 
detrimental to mechanical properties. The resulting microstructure and 
mechanical properties are strongly influenced by the processing parameters used 
to manufacture these parts. Variation of these parameters can allow for control of 
the microstructure, which in turn allows for control of mechanical properties.  
 
 
1.5 Motivation 
 
The materials used in high voltage power lines are exposed to extreme conditions. 
A combination of high temperature and high density result in the sagging of high 
voltage power lines. This presents a need for a high-strength, lightweight 
conductor use in these power lines. This dissertation will investigate the 
mechanical properties of a potential candidate for this application: copper 
covetics. 
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The need for high-strength, lightweight materials is also found in other industries 
such as aerospace. Additive manufactured components are already being 
introduced into aerospace systems. Considering the importance of weight in the 
aerospace industry, this dissertation will investigate the relationship between 
induced porosity (reduced density) and the resulting mechanical properties of 
additive manufactured aerospace superalloys. 
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW 
 
 
2.1 Materials Genome Initiative 
 
The Materials Genome Initiative (MGI) is a multi-agency collaborative effort to 
speed up the process of designing new materials [9]. It currently takes 10 to 20 
years for materials to progress from initial discovery to first use in industry. 
Figure 1 below shows the seven stages of the material development continuum. 
 
 
Figure 1: Material development continuum and its seven key stages 
 
The first two stages of the continuum, Discovery and Development, are often the 
bottleneck in the development of materials. The Materials Genome Initiative 
seeks to accelerate these two stages through a few key approaches. Firstly, MGI 
collects and distributes existing material data from various industries, universities, 
and researchers. These data are then organized into databases that are categorized 
based on key variables such as mechanical properties. Simultaneously, 
computational tools are developed to allow for the modeling of material behavior. 
The heavy use of computational tools complemented by empirical data leads to an 
accelerated material process. Throughout this document, empirical data is 
obtained for several material systems. These data can be used in future 
computational methods for further development of these materials. 
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2.2 Severe Plastic Deformation 
 
Severe plastic deformation (SPD) is a method of exposing materials to extremely 
high strains, resulting in the formation of ultra-fine grains. The fine grains range 
anywhere from 100-1000 nm [10]. These lead to improved strength, wear 
resistance, and conductivity of metals [11,12]. Atomistic simulations have shown 
that twin boundary-dislocation interactions result in localized strain, resulting in 
strengthening of the material [13]. For metal matrix composites treated through 
SPD, high conductivity is obtained through the formation of two continuous 
phases, resulting in reduced interphase boundary scattering [14]. 
 
The strength-microstructure relationship seen in metallic materials exposed to 
SPD processes exemplifies the Hall-Petch relationship [15,16].  The Hall-Petch 
relationship is given as: 
 𝜎 = 𝜎! + !!           (Eq. 1) 
 
where d is the average grain diameter, and σ0 and K are material constants. This 
relationship, however, changes once a critical grain size is reached. Below this 
grain size, softening begins to occur within the metal [10]. 
 
Several techniques can be used to induce large levels of plasticity in metallic 
alloys. One method of inducing severe plastic deformation is high-pressure 
torsion (HPT), where cylindrical specimens undergo large torsional strains. This 
results in varying degrees of plasticity across the cylinder’s radius. Experimental 
results on Cu-NbC composites and tantalum processed by HPT have shown 
improved tensile and yield strengths when compared to unprocessed counterparts 
[17,18].  
 
Another method of severe plastic deformation is equal-channel angular pressing. 
This method consists of pressing a cylinder of a given material through a 
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specialized die, as seen in Figure 2 below. This die has a bend that redirects the 
cylinder, causing large shear strains in the specimen.   
 
 
Figure 2: Diagram showing the setup for equal-channel angular pressing [19] 
 
The geometry of the die used in equal channel angular pressing can be used to 
determine the resulting strain according to the Iwahashi formula shown below 
[20]. 
 𝜀 = !! 2 ∗ cot !! + !! +Ψ ∗ csc !! + !!   (Eq. 2) 
 
where Ψ and φ correspond to the angles of the bends in the die. Literature shows 
that equal channel angular pressing has been used for a wide variety of alloys and 
metal matrix composites. One study on an Al-Mg alloy showed the formation of 
ultrafine grains with diameters as small as 100-200nm. These nanostructures were 
accompanied by an increase hardness of 218HV. Despite the improvement of 
mechanical properties, severe plastic deformation has also shown poor thermal 
stability. Such materials have shown rapid softening at temperatures near 300C 
[21]. 
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2.3 Metal Matrix Composites 
 
Aside from conventional methods of improving the mechanical properties of 
alloys, material properties can also be improved through the combination of two 
or more materials to form a composite. Composites generally consist of two 
phases: a matrix phase and a filler phase. The matrix comprises most of the 
material’s volume and distributes the loads that are carried by the filler. In a 
composite, the filler serves as the primary form of reinforcement and typically 
improves the strength of the material. 
 
The matrix of a composite can either be a polymer, metal, or a ceramic. 
Composites fillers come in a variety of forms including particles, platelets, fibers, 
and woven fabrics. The shape and dimensions of the filler play a major role in 
determining the mechanical properties of composites. In his work, Meijer utilizes 
a finite element analysis to investigate the effect of particle geometry on the 
mechanical behavior of a metal matrix composite (20 volume% Al2O3 
reinforcement in 6061-T0 aluminum). The result of this study showed that 
particles with an aspect ratio of 0.9 had the lowest yield strength, while the aspect 
ratios greater than 1.5 showed the highest yield strength [22]. 
 
Along with utilizing a finite element approach to predicting material behavior, 
existing models can also be used to predict the relationships between composition 
and mechanical properties. In Sanaty-Zadeh’s paper, they discuss the use of the 
modified Clyne model. The modified Clyne model accounts for various 
strengthening mechanisms including Hall-Petch relationship, Orowan, coefficient 
of thermal expansion mismatch, and load bearing. When it comes to predicting 
strength, the Hall-Petch relation has shown to have the greatest effect of 
mechanisms mentioned above [23].  
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Aside from the work on improving the mechanical properties of materials, great 
efforts are also being made to improve the electrical properties of composites. The 
power distribution industry (specifically high voltage power lines), for example, 
has a high demand for lightweight, strong materials that maintain high 
conductivity.  
 
One approach to developing high-strength conductors is the combination of 
copper and steel to form macrocomposites. These systems consist of a copper 
core within a pearlitic steel sheath. This structural approach has shown tensile 
strengths as high as 1.6 GPa and conductivity as high as 95% IACS [24,25]. 
Another method of maintaining high conductivity within composites is to select a 
highly conductive filler. Carbon is a common composite filler that has shown to 
improve mechanical and electrical properties. 
 
The advantage of utilizing carbon as reinforcement is that it is available in a 
variety of shapes, sizes, and forms. After its development in the 1950-60’s, carbon 
fiber has had increasing popularity to due to its favorable mechanical properties 
[26].  Modern fibers have diameters of approximately 5 micrometers [27].  This is 
fairly large when compared to nanofillers such as graphene nanoplatelets and 
carbon nanotubes. 
 
By having fillers that have dimensions at the nanoscale, it is possible to achieve 
high distribution with low volume fractions. Despite their large effectiveness in 
reinforcing polymer-matrix composites, major issues arise when incorporating 
carbon nanotubes and graphene nanoplatelets into metal matrix composites. 
Carbon nanotubes have shown poor interfacial bonding with metal matrices, 
resulting in adhesion failure. Additionally, the Van-der-Walls interactions 
between carbon nanotubes often lead to agglomeration and poor distribution [28-
30]. 
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Despite the issues presented with combining carbon fillers with metals, new 
approaches have been developed in improve bonding between carbon and the 
metal matrix.  
 
2.4 Aluminum Magnesium Boride (BAM) 
 
The need for stronger and lighter materials has led to the investigation of the 
mechanical properties of boron-rich compounds. Borides containing B12 
icosahedral clusters are of particular interest, since this structure results in high-
hardness [31-34].  Although several metals have been used to fill the voids 
between the boron icosahedra, the addition of aluminum and magnesium for the 
formation of AlMgB14 has shown promising mechanical properties. Along with 
being a high-performance material, AlMgB14 is also a lightweight material with a 
density of 2.62 g/cm3 [31,32].  
 
Vickers hardness tests of AlMgB14 have shown high hardness values ranging 
from 27.5 GPa to 40 GPa, depending on whether it is a single crystal, 
polycrystalline, or amorphous [31, 35].  Several fabrication methods are used for 
the formation of bulk AlMgB14, but hot pressing and field-activated, pressure-
assisted synthesis (FAPAS) are the most commonly used approaches. Through the 
use of x-ray diffraction and energy dispersive spectroscopy, it has been noted that 
Al2MgO4 phase forms as a detrimental impurity in AlMgB14 [31,32,36].  
 
Despite displaying impressive mechanical properties on its own, AlMgB14 has 
been combined with other metals to further improve its performance. In some 
cases, such as with Al-N, fracture toughness is increased at the cost of hardness 
[36]. However, improvements in hardness and toughness are seen with the 
addition of TiB2. Experimental tests on AlMgB14-TiB2 have shown hardness 
values as high as 46 GPa [37]. Additionally, it has been shown that the addition of 
TiB2 to AlMgB14 can increase fracture toughness to as high as 4.2 MPa-m1/2 [36-
38].  
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Several studies have proven the Veprek hypothesis, which states that hardness 
values can be increased by adding nanoscale second phase particles [36].  Looking 
at the microstructure, it has been noted that the strong interface between AlMgB14 
and TiB2 serves as reinforcement. Refinement of the grains in AlMgB14-TiB2 
increase the volume fraction of the interfaces, resulting in increased wear 
resistance [37,39].  
 
 
2.5 Additive Manufacturing 
 
Additive manufacturing is a method in which successive layers of material are 
combined to create a final part. This allows for the fabrication of parts with 
complex geometries. Despite polymers being a popular medium for this 
manufacturing method, metals are seeing growing use in research and industry.  
 
For metals and alloys, powder-bed fusion processes are the most common form of 
additive manufacturing. These processes begin with a bed of fine metallic 
powder. A high power laser then scans across the powder surface to solidify the 
particles into a single piece. Another layer of powder is then deposited on the 
solidified surface and the process is repeated. Two popular methods that use this 
approach are selective laser melting (SLM) and direct metal laser sintering 
(DMLS). 
 
SLM typically has a higher beam intensity, which results in the complete melting 
of the powder. This complete melting of the powder allows SLM to obtain higher 
densities that are closer to theoretical density when compared to other additive 
manufacturing methods [40].  Parameters used in SLM, such as scanning rate, 
have proven to affect the microstructure of final parts. These variations in 
microstructure have shown to affect the mechanical and even magnetic properties 
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of the final part [41]. Additionally, SLM is popular with a variety of materials 
including Ti6Al4V, nickel-based, and aluminum-based alloys [42-45]. 
 
DMLS is similar to SLM, except it utilized a laser with a lower intensity. So 
instead of completely melting the powder, DMLS only sinters it. This form of 
bonding the powder tends to lead to inhomogeneities and more pores throughout 
the structure [46]. 
 
Aside from the method selected from fabrication, several other key factors play a 
critical role in affecting the microstructure and mechanical properties of additive 
manufactured components. Beam intensity, for instance plays a large role in the 
amount of energy introduced during the solidification process. Variation of beam 
intensity has been used to vary the density of several alloys, including Inconel 718 
[47]. The beam intensity used plays a key role in the size of the grains in the final 
solidified part, often resulting in smaller grains compared to casted counterparts 
[48].  Additionally, energy intensity has shown to affect the degree of oxidation of 
the solidified material [49].  
 
Along with affecting traditional microstructural features, like grain size, the beam 
intensity used can also affect microstructural features unique to additive 
manufacturing. The use of a lower beam intensity often results in balling 
phenomena, where ball-like structures form throughout the internal structure. 
These ball-like regions are then surrounded by porous regions, which can act as 
stress concentrators [50].  
 
Additionally, the thermal cycling that is inherent to additive manufacturing of 
alloys introduces residual stresses. The layer-by-layer heating causes the powders 
and previously solidified layers to undergo several heating cycles. Ultimately this 
leads to residual stresses that prove to be detrimental to the final part [51].  For 
instance, Inconel 718 manufactured by DMLS has shown to possess tensile stress 
on the surface that negatively affects mechanical properties. For Inconel 718 and 
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several other alloys, the effects of residual stress can be addressed through post 
processing. For instance, thermal aging and shot peening of additive 
manufactured alloys has proven to improve the mechanical properties of final 
parts [52,53].  
 
 
2.6 Oliver-Pharr Method for Determining Modulus via Nanoindentation 
[54] 
 
Nanoindentation provides the capability of measuring mechanical properties and 
lots of data from very small test specimens. Nanoindentation consist of indenting 
and plastically deforming the surface of a material. During these tests, the applied 
load and the indentation depth are recorded. During loading, the load-
displacement curve shows non-linear behavior, as the surface is plastically 
deformed.  
 
 
Figure 3: Typical load-displacement curve for a nanoindentation test 
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However, the unloading portion contains a linear region. The Oliver-Pharr method 
is fundamental in deriving material properties from raw load-displacement data. 
The reduced modulus of the indented material can be calculated using the 
following equation. 
 𝐸! = ! !! !      (Eq. 3) 
 
The variable S corresponds to the stiffness, which is slope of the linear unloading-
portion of the load-displacement curve, and A is the contact area between the 
indenter and the material. The stiffness can be determined by reviewing the 
unloading portion of the load-displacement curve, which is defined by the power 
function below. 
 𝑃 = 𝐴 ℎ − ℎ! !        (Eq. 4) 
 
where hf is the final indentation depth. The derivative of the power function can 
then be evaluated at the maximum load, Pmax, to find the stiffness. 
 
The hardness can then be found by dividing the maximum load by the contact 
area, as shown below. 
 𝐻 = !!"#!       (Eq. 5) 
 
Finding the contact area of the indent presents its challenges as the surface of the 
indent can vary due to wear. An empirical approach to defining the contact area is 
addressed in section 3.2.2 of this document. 
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CHAPTER 3: COPPER CARBON COMPOSITES 
 
 
3.1 Overview of Test Specimens 
 
The specimens utilized in this study consist of a copper matrix and some form of 
carbon filler. The fillers consist of graphene nanoplatelets, carbon nanotubes, and 
various percentages of activated carbon. More information about the specimens is 
provided below. 
 Covetic Samples 
• Commercially available Cu-10200 as the standard base metal 
• Cu 10200 covetic with 0 weight% activated carbon (produced via covetic 
process) 
• Cu 10200 covetic with 3 weight% activated carbon 
• Cu 10200 covetic with 5 weight% activated carbon 
• Cu 10200 covetic with 9 weight% activated carbon 
W-Series Samples 
• W13: Cu Oxygen-Free Electronic (OFE) with 0.83 weight% CWZ 14 
activated carbon 
• W10: Cu OFE with 2 weight% CWZ 14 activated carbon 
• W17: Cu OFE with 0.167 weight% SouthWest Nanotechnologies 
(SWeNT) Specialty Multiwall (SMW) 210 Nanotubes 
• W22: Cu OFE with 0.67 weight% graphene nanoplatelets 
 
 
3.2 Experiments and Methods 
 
3.2.1 Sample Preparation 
 
The test specimens required polishing to obtain an acceptable surface finish for 
nanoindentation testing. Prior to polishing, samples were adhered to aluminum 
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pucks using cyanoacrylate and left to dry for twenty-four hours. All specimens 
then underwent the following polishing protocol. 
1. Coarse polishing with Allied High Tech Products Inc. silicon-
carbide Grit 600 polishing paper for 60 seconds, rotate sample 90 
degrees and repeat polish for another 60 seconds 
2. Coarse polishing with Allied High Tech Products Inc. silicon-
carbide 800/P1500 polishing paper for 60 seconds, rotate sample 
90 degrees and repeat polish for another 60 seconds 
3. Coarse polishing with Allied High Tech Products Inc. silicon-
carbide 1200/P2500 polishing paper for 60 seconds, rotate sample 
90 degrees and repeat polish for another 60 seconds 
4. Fine polishing with 2.5 µm alumina powder and water solution on 
a fabric polish pad for 60 seconds, rotate sample 90 degrees and 
repeat polish for another 60 seconds 
Polishing was performed on a Buehler MetaServ 250 grinder-polisher. After 
polishing, sample surfaces were sonicated in an acetone bath for one hour. 
Specimens were then placed in plastic containers to reduce exposure to 
atmospheric humidity. 
 
 
3.2.2 Nanoindentation 
 
Nanoindentation tests were conducted using a Hysitron TI 950 Triboindenter 
along with a Micro Star Technologies Berkovich indenter. Prior to conducting 
tests on the specimen, a setup procedure is necessary to obtain accurate 
measurements. First a tip-area function must be created.  
 
Defining a Tip-Area Function 
The tip-area function defines the contact area as a function of the tips 
displacement into the sample surface. Although this relationship could be 
determined using the geometry of the indenter tip, empirically deriving 
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this equation would account for any imperfections on the tip (e.g. 
blunting). 
 
Due to its consistent mechanical properties, a quartz sample is used to 
empirically derive the tip area function. A quasi-static partial-unload load 
function with a peak load of 5000 µN is used to create multiple load 
displacement curves.  
 
 
Figure 4: Load function for a quasi-static partial-unload test (Vertical axis corresponds 
load while the horizontal axis corresponds to time) 
 
The load-displacement data for each unload is used to calculate the 
hardness and modulus values using the Oliver-Pharr method. The 
calculated hardness and modulus values are then compared to known 
values for quartz. Finally a tip-area function is created to relate the load-
displacement data to the quartz hardness and modulus values. 
 𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝐴𝑟𝑒𝑎 = 𝐶! ∗ ℎ! + 𝐶! ∗ ℎ − 𝐶! ∗ ℎ! ! + 𝐶! ∗ ℎ! ! − 𝐶! ∗ ℎ! !         (Eq. 6) 
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The coefficients for equation 6 are tabulated below. 
 
Table 1: Coefficients for the tip-area function  
C0 24.5 
C1 2.0200E+4 
C2 -1.6596E+6 
C3 1.1192E+7 
C4 -1.1668E+7 
 
After defining a tip-area function, tests were performed on each specimen. A 
5000µN quasi-static trapezoidal function (10 second ramp up, hold, and ramp-
down segments) was used for each individual indent. Details on each sample are 
explained in the sections below. 
 
Table 2: Sets of nanoindentation tests performed on each sample 
 Material # of Regions 
Tested 
# of Indents 
per Region 
Spacing between 
Indents (µm) 
Cu-10200 1 4 x 4 grid 20  
0 wt% Covetic 1 4 x 4 grid 20  
3 wt% Covetic 1 4 x 4 grid 20  
5 wt% Covetic 1 4 x 4 grid 20  
9 wt% Covetic 1 4 x 4 grid 20  
0.83 wt% Covetic 3 4 x 4 grid 20  
2 wt% Covetic 3 4 x 4 grid 20  
0.167 wt% CNT 3 4 x 4 grid 20  
0.67 wt% GNP 3 4 x 4 grid 20  
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Utilizing the load-displacement data for each indent, the Oliver-Pharr method was 
used to calculate the hardness and reduced modulus for each measurement. The 
modulus of the material can be calculated from the reduced modulus by 
accounting for the compliance of the diamond indenter. 
 !!! = !! !.!" !!!"# + !!!!!      (Eq. 7) 
 
In equation 7 above, v corresponds to the Poisson’s ratio for the material tested 
while E and Er correspond to the Young’s modulus and reduced modulus, 
respectively [55]. 
 
The calculated hardness and modulus values were then corrected to account for 
pile up. The pile-up correction procedure is explained below. 
 
Pile-up Correction  
Since copper is a fairly soft material, performing indents on the surface 
causes the sample to pile up in the regions around the indent. This pile-up 
causes an increased contact surface area. The total contact area is the sum 
of the area calculated by the Oliver-Pharr method and the area accounting 
for pile-up. 
 𝐴!"#$% = 𝐴!"#$%&!!!!"" + 𝐴!"#$!!"              (Eq. 8) 
 
The pile-up contact area, APU, is calculated using the following equation. 
 𝐴!"#$!!" = !!!"#$!%#! 𝑎!!!!!                            (Eq. 9) 
 
In the above equation, the variable baverage represents the average side 
length of the projected indent. The variable ai represents the pile-up height 
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for each of the three edges. This requires a total of six measurements for 
each indent. The six measurements are illustrated on the diagram below.  
 
 
 
 
 
 
 
 
Figure 5: (a) Vertical view of a Berkovich indent.   (b) Side view shows pile-up 
 
After indenting, the surfaces of the sample indents were measured using 
Scanning Probe Microscopy (SPM). A total of four SPM images were 
taken for each region tested on each sample. Figure 6 below shows an 
SPM images taken on a copper covetic with 9 wt% activated carbon. 
 
 
Figure 6: SPM image of a copper covetic that shows signs of pile-up near the edges of 
the indent 
 
2µm 
ai 
b1 b2
b3 
	(a) 	(b) 
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Gwyddion, an SPM image viewing software, was then used to take a total 
of six measurements on each SPM image.   
 
3.3 Results and Discussion 
 
3.3.1 Copper Covetics 
 
Table 3 below shows the measurements of the pile-up dimensions for each of 
covetic materials tested.  
  
Table 3: Pile-Up correction data for the base metal and covetic samples  
 Base Metal 0 wt% C 3 wt% C 5 wt% C 9 wt% C 
Average a1 (µm) 0.28 ± 0.04 0.34 ± 0.07 0.41 ± 0.06 0.44 ± 0.09 0.35 ± 0.11 
Average a2 (µm) 0 ± 0 0.35 ± 0.07 0.24 ± 0.13 0.29 ± 0.04 0.31 ± 0.04 
Average a3 (µm) 0.27 ± 0.13 0.28 ± 0.05 0.28 ± 0.14 0.28 ± 0.12 0.15 ± 0.11 
Average b (µm) 2.98 ± 0.18 3.08 ± 0.14 2.96 ± 0.21 2.09 ± 0.18 3.06 ± 0.19 
Original 
Contact Area 
(µm2) 
3.416 ± 
0.165 
3.855 ± 
0.167 
3.297 ± 
0.265 
3.468  ± 
0.136 
3.341 ± 
0.166 
Pile-Up contact 
area (µm2) 
1.2851  2.317  2.151 2.361 1.931 
 
 
It is worth noting that the pile-up contact area for the base metal is lower than 
those seen in the materials that have undergone the covetic process. This is an 
indication that the covetic samples are softer than the base metal. This may be 
attributed to the fact that covetic samples have gone through a slow cool down 
after being melted. A slow rate of cooling essentially anneals the copper, allowing 
for the relief of residual stresses, recrystallization of grains, and growth of those 
grains. These factors stages lead to a softer material.  
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Figure 7: Young's Modulus values calculated from each indent below shows the 
Young’s modulus values calculated for each indent performed on the tested 
specimens. It can be seen that there is significant overlap between the moduli 
measurements for 0, 3, and 5 wt% C compositions. It should also be noted that the 
9 wt% C composition generally has a higher measured modulus than the other 
covetics. 
 
 
 
Figure 7: Young's Modulus values calculated from each indent 
 
 
The average calculated Young’s Modulus values (derived from measured reduced 
modulus) for the base metals and covetic samples are shown in Table 4 and 
Figure 8 below. The values show that the hardness of the base metal is higher than 
the covetics with 0 wt%, 3 wt%, and 5 wt% C. As mentioned earlier, the softness 
in the covetic samples may be attributed to the slow cooling of the material during 
the fabrication process.  
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Table 4: Corrected Young’s moduli for base metal and copper covetics 
 
Base Metal 0 wt% C 3 wt% C 5 wt% C 9 wt% C 
Young’s 
Modulus 
(GPa) 
107.38 ± 6.37 84.19 ± 2.13 91.36 ± 4.51 81.61 ± 3.62 107.17 ± 11.6 
 
 
 
Figure 8: Corrected Young's moduli for base metal and copper covetics 
 
Modulus values for the 9 wt% C covetic are higher than those seen for the other 
covetics. However, the modulus values for this composition show large variation. 
The lower range of modulus values of the 9 wt% C composition are comparable 
to those seen in the 3 wt% C covetic. Due to a higher concentration of carbon in 
the 9 wt% C composition, it is possible that unincorporated carbon may be 
unevenly dispersed throughout the material. This uneven dispersion results in a 
larger variation in modulus values. 
 
Figure 9 below shows the recorded hardness values for each indent performed.  
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Figure 9: Hardness values calculated from each indent 
 
 
The hardness values show a similar trend, with 9 wt% C covetic having the 
highest average hardness.  
 
 
Table 5: Corrected hardness for base metal and copper covetics 
 
Base Metal 0 wt% C 3 wt% C 5 wt% C 9 wt% C 
Corrected 
Hardness (GPa) 
1.06 ± 0.04 0.81 ± 0.02 0.92 ± 0.04 0.86 ± 0.02 0.95 ± 0.03 
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Figure 10: Corrected hardness for base metal and copper covetics 
 
It is worth noting that the base metal had the highest hardness of all specimens 
tested in this set. This high hardness may be due to plasticity in the base metal. 
Since the covetic specimens undergo a slow cool down, this allows for the 
samples to anneal and have a lower hardness. When comparing across the 
samples that have undergone the covetic process, the 0 wt% C composition had 
the lowest hardness values. 
 
 
 
3.3.2 W-Series Specimens 
 
The pile-up correction data for the W-series covetics are tabulated below. These 
values were then used to determine the corrected hardness and modulus values. 
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Table 6: Pile-Up correction data for W-series specimens 
 W10 W13 W17 W22 
Average a1 (µm) 0.22 ± 0.09 0.24 ± 0.12 0.30 ± 0.11 0.27 ± 0.13 
Average a2 (µm) 0.17 ± 0.10 0.26 ± 0.11 0.30 ± 0.13 0.33 ± 0.12 
Average a3 (µm) 0.21 ± 0.13 0.27 ± 0.10 0.27 ± 0.10 0.28 ± 0.14 
Average b (µm) 2.83 ± 0.15 2.71 ± 0.20 2.69 ± 0.16 2.83 ± 0.22 
Original Contact 
Area (µm2) 
3.064 ± 
0.221 
2.788 ± 
0.149 
2.758 ± 
0.135 
2.927 ± 
0.134 
Pile-Up contact 
area (µm2) 
1.827  ± 
0.699 
2.138 ± 
0.647 
2.319 ± 
0.519 
2.535 ± 
0.608 
 
 
The modulus measurements on the W-series covetics showed large variation, with 
a large dependence on where the indent is performed. Figure 11 shows the 
measured modulus values for each indent performed on the W-series covetics. 
 
 
Figure 11: Young's Modulus values calculated from each indent 
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The corrected Young’s modulus values for the W-series composites are show in 
Table 7 and Figure 12 below. When comparing the samples that have activated 
carbon (i.e. W10 and W13), it can be seen that the sample with less carbon (W13) 
actually had a higher average hardness. It is also worth noting that the samples 
with graphene nanoplatelets and carbon nanotubes had similar moduli. 
 
Table 7: Corrected Young’s moduli for W-series specimens 
	
W10	 W13	 W17	 W22	
E	(GPa)	
76.84 ±	
14.15	
93.04	±	7.5	 75.84 ±	6.44	 75.46 ±	7.7	
 
 
 
 
Figure 12: Corrected Young's moduli for W-series specimens 
 
 
Figure 13 below shows the hardness values for each indent performed on the W-
series.  
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Figure 13: Hardness values calculated from each indent 
 
 
The hardness values of all the W-series specimens were very similar in 
magnitude, as seen in Table 8 and Figure 14. 
 
Table 8: Corrected hardness for W-series specimens 
 
W10 W13 W17 W22 
Corrected 
Hardness (GPa) 
1.05 ± 0.16 1.03 ± 0.14 1.00 ± 0.11 0.92 ± 0.09 
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Figure 14: Corrected hardness for W-series specimens 
 
The similarity in hardness values for all specimens may be due to the similarities 
in processing. As is the case for the aforementioned copper-covetics, the W-series 
specimens also had a prolonged cool down after melting. From the data obtained, 
there doesn’t appear to be a significant difference in hardness between the W-
series samples. 
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CHAPTER 4: ADDITIVE MANUFACTURED INCONEL 718 
 
 
4.1 Overview of Test Specimens 
 
The specimens tested in the following experiments are composed of Inconel 718, 
a nickel-based superalloy. Specimens were provided by the Quad Cities 
Manufacturing Laboratory, which is located in Rock Island, Illinois. Direct Metal 
Laser Sintering was used to manufacture each test specimen. Processing 
parameters, specifically beam path, was varied in order to induce porosity into the 
specimens. Five sets of densities were studied for each test. After fabrication, 
excess material was removed via electrical discharge machining. 
Specimens fabricated for tests include notchless Charpy impact specimens, 
cylindrical compression specimens, and rectangular prisms for nanoindentation 
tests. 
 
External dimensions of each specimen were measured to determine the bulk 
volume of the specimens. An average of three measurements was used for each 
measurement. Figure 15 shows the dimensions measured for each test specimen. 
 
 
Figure 15: (a) Notchless Charpy impact specimen   (b) Cylindrical compression 
specimen   (c) Vickers hardness and nanoindentation test specimen 
 
Test sample geometries (average of 3 measurements) and masses were measured 
to determine the bulk density of each sample. Table 9, Table 10, and Table 11 
(a) 
B 
A 
D 
(c) 
A 
B 
(b) 
L 
C C 
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below show the recorded values. It is worth noting that the samples with the 
highest density are approximately 98% of the density of Inconel 718 fabricated by 
traditional methods [56]. 
 
Table 9: Dimensions for drop-weight impact specimens 
Sample A (mm) B (mm) C (mm) 
Volume 
(cm3) 
Mass 
(g) 
Density 
(g/cm3) 
1H 9.89 10.07 55.03 5.48 43.71 7.98 
1I 9.91 10.01 55.00 5.45 43.76 8.02 
2H 10.00 9.93 54.86 5.45 35.71 6.55 
2I 10.01 9.90 54.85 5.44 36.16 6.65 
3H 10.01 9.88 54.87 5.43 33.11 6.10 
3I 10.00 9.89 54.90 5.43 33.21 6.11 
5H 10.05 9.95 54.95 5.49 29.16 5.31 
5I 10.11 9.99 54.99 5.55 29.32 5.28 
4H 10.03 9.94 54.95 5.48 26.39 4.82 
4I 10.04 9.95 54.94 5.49 26.18 4.77 
 
 
Table 10: Dimensions for cylindrical compression specimens 
Sample D (mm) L (mm) Volume (cm3) Mass (g) Density (g/cm3) 
1E 12.66 25.36 3.19 25.67 8.04 
1F 12.64 25.39 3.18 25.66 8.06 
2E 12.55 25.44 3.15 20.98 6.66 
3A 12.52 25.32 3.12 19.06 6.11 
5E 12.51 25.39 3.12 18.09 5.80 
4E 12.54 25.45 3.14 16.82 5.35 
 
 
Table 11: Dimensions for Vickers hardness and nanoindentation test specimen 
Sample A (mm) B (mm) C (mm) 
Volume 
(cm3) 
Mass 
(g) 
Density 
(g/cm3) 
1A 12.71 12.66 4.94 0.79 6.37 8.02 
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4.2 Experiments and Methods 
 
4.2.1 Sample Preparation 
 
All test specimens were submerged in a sonic path to remove any powder 
particles that remained from the powder bed fusion process. Samples were 
individually submerged in an ethanol bath and were sonicated for an hour. The 
ethanol was replaced every 15 minutes to remove any remaining powder that had 
escaped the porous structure of the alloys. 
 
Test specimens used for drop-weight impact, uniaxial compression, uniaxial 
tension, and SEM imaging underwent no further preparation. 
 
The specimen used for nanoindentation and Vickers hardness tests were polished 
using a same procedure outlined in section 3.2.1 above. After polishing, the 
sample was sonicated in an ethanol bath for 1 hour to remove remnant particles 
from he polishing procedure. The test specimen was then adhered to an aluminum 
puck using cyanoacrylate and set aside to dry for 24 hours. 
 
Specimens used for micro-computed tomography were cut down to approximately 
5mm x 5mm x 5mm prisms using slow-speed diamond saw. After cutting 
specimens down to the appropriate size, the test specimens were submerged in an 
ethanol bath for 1 hour to remove remaining particles. 
 
 
4.2.2 Nanoindentation  
 
Due to the porous structure of specimens with lower densities, nanoindentation 
tests were only performed on the sample with the highest density. Sets of six 
indents were performed on three separate regions of the test specimen, accounting 
for a total of 18 indents. The regions tested are shown in Figure 16 below. 
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Figure 16: Indentation regions of sample 1A (8.02 g/cm3) 
 
Nanoindentation tests were performed using a Hysitron TI 950 Triboindenter with 
a Hysitron Berkovich indenter.  The tip-area function for this indenter has the 
constants tabulated below.  
 
Table 12: Coefficients for the tip-area function 
C0 24.5 
C1 3.0593E+4 
C2 -1.1623E+6 
C3 5.7205E+6 
C4 -5.0796E+6 
 
A quasi-static trapezoidal load function, with an 8000 µN peak load and 10-
second segments (ramp-up, hold, and ramp down), was used for all indents.  
 
 
4.2.3 Vickers Hardness  
   
Vickers hardness tests were performed using Shimadzu HMV-M3 Micro Hardness 
Tester equipped with a Vickers diamond indenter. Test parameters consisted of 
using a load of 300g and a dwell time of 5 seconds. A total of 10 indents were 
performed. Diagonal measurements were completed using the optical microscope 
on the indenter. The measured diagonal measurements and the mass used can be 
entered into equation 10 below to find the Vickers hardness value for each indent.  
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𝑉𝐻𝑁 = !.!" !!! !     (Eq. 10) 
 
In the above equation, M is the mass of the indenter weight (kilograms) and d1 is 
the average of the two diagonal measurements (mm). 
 
 
4.2.4 Drop-weight Impact  
 
Drop-weight impact tests were performed at room temperature (T=22°C) using a 
Dynatup 8250 drop-weight impact tester (Figure 17).  Test specimens were 
prepared with notchless dimensions (10 x 10 x 55 mm) in accordance with ASTM 
E23 – 12C [57].  
 
 
Figure 17: Dynatup 8250 drop-weight impacter    
 
Load, deflection, and time values were recorded every 0.02 ms to create a Load 
vs. Time curve. Table 13 below shows the test parameters used.  
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Table 13: Drop-weight impact test parameters 
 
 
 
 
 
After recording the maximum load, the curve was integrated to create an Energy 
vs. Time curve that quantifies the energy absorbed by the test specimen. After 
testing, specimens were removed from the test instrument and fracture surfaces 
were photographed. 
 
 
4.2.5 Uniaxial Compression 
 
Uniaxial compression tests were performed at room temperature (T=22°C) on an 
Instron Model 4483 load frame. Test specimens and procedures were in 
accordance with ASTM 29-09 [58]. The load frame is fitted with a load cell 
capable of measuring loads up to 100 kN. A displacement rate of 0.13 mm/min 
(corresponding to a strain rate of 0.005 mm/mm-min) was used for all test 
specimens. Tests were stopped once the specimen showed signs of failure or a 
maximum load of 100 kN was reached.  
 
 
4.2.6 Scanning Electron Microscopy 
 
Scanning electron microscopy imaging was performed using a JEOL JSM6060-
LV scanning electron microscope. Unpolished surfaces of cylindrical test samples 
were imaged at several magnifications. The voltages used for each image are 
shown on the micrographs in section 4.3.6 below. 
 
Anvil Spacing 40.85 mm 
Drop Height 756 mm 
Mass of drop weight 12.76 kg 
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4.2.7 Micro-Computed Tomography 
 
Micro-computed tomography (micro-CT) was used to image the internal structure 
of the test specimens. Scans were performed using an Xradia MicroXCT-200 at 
4x magnification, providing a resolution of 3.3 µm. After the test specimens were 
centered on the instrument stage, scans of the samples were taken. A 150 kV, 10 
W scan with a 2-second exposure time was taken every 0.5° about the sample. 
The resulting 721 images were post-processed using the Xradia MicroXCT 
Reconstructor software. The resulting files were then viewed using XM3DViewer. 
 
 
 
 
4.3 Results and Discussion 
 
4.3.1 Nanoindentation 
 
The resulting average values for sample modulus and hardness for sample 1A are 
shown below in Table 14. It can be seen that for the modulus values, the largest 
variation was in region 2. However, the variation of these modulus values is only 
approximately 4.3%.  Even though the average reduced modulus for region 2 is 
the largest, the measured values overlap with those in region 1. It is worth noting 
that the modulus values at the corner are significantly lower (>8.9%) than the 
center or intermediate region. This may be due to poor adhesion between the 
corners of the test specimen to the aluminum puck. A compromise in the adhesion 
at this region could introduce compliance into the system, resulting in a lower 
modulus measurement. 
 
The resulting overall modulus values are approximately 89% of hot-rolled Inconel 
718 [48].  The test specimens were not post-process via hot isostatic pressing; this 
may result in potential porosity within the test specimen. This is reinforced by the 
fact that the sample density is below that of wrought Inconel 718.  
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Table 14: Average reduced modulus and hardness for Sample 1A 
Region Average Young’s Modulus (GPa) Average Hardness (GPa) 
1 (Center) 182.49 ± 4.80 4.77 ± 0.04 
2 (Intermediate) 188.90 ± 8.16 4.58 ± 0.24 
3 (Corner) 163.84 ± 4.52 4.50 ± 0.21 
Overall (average) 178.41 ± 12.33 4.59 ± 0.20 
 
 
Much like the modulus measurements, the largest variation (approximately 5.2%) 
in hardness measurements was found in region 2. Even though no statistical 
difference was found between regions 1 and 2, it is worth noting that the hardness 
values in the corner of the sample were lower than the other regions. This may 
also be due to adhesion issue addressed earlier. 
 
 
4.3.2 Vickers Hardness 
 
The average diagonal measurement and resulting Vickers hardness values are 
shown below in Table 15.  
 
Table 15: Vickers hardness measurements for Sample 1A 
Mean Diagonal (µm) 41.8 
Average VHN 319 
VHN Standard Deviation 10.3 
 
The measured hardness measurements were fairly consistent across the sample 
with a standard deviation of approximately 3.2%. The Vickers hardness values 
recorded in these tests agree with hardness values for commercially available 
untreated Inconel 718 that has been produced via direct metal laser sintering (306 
± 7 VHN) [59]. 
 
 
4.3.3 Drop-weight Impact 
 
The results of drop-weight impact tests are tabulated below in Table 16.  
 38 
 
Table 16: Maximum load and energy absorption values from drop-weight impact tests 
Test 
Specimen 
Bulk 
Density 
(g/cm3) 
Maximum 
Load (kN) 
Energy 
Absorbed 
(J) 
1H 7.98 29.25 90.41 
1I 8.02 29.56 95.26 
2H 6.55 12.71 13.08 
2I 6.65 13.61 15.58 
3H 6.10 6.79 7.83 
3I 6.11 7.62 7.26 
5H 5.31 4.44 3.32 
5I 5.28 4.86 3.69 
4H 4.82 3.01 2.14 
4I 4.78 4.66 2.15 
 
Reviewing the values of maximum loads measured during tests, it can be seen that 
the introduction of porosity into the sample microstructure results in a large drop 
in the maximum load and absorbed energy. The test samples with the highest 
density experienced a maximum load of approximately 29.4 kN, but the 
maximum loads reduced to less than half this value once density was decreased. 
Figure 18 illustrates the trend seen between maximum load experienced and 
sample density. 
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Figure 18: Maximum load experienced during drop-weight impact testing on samples 
with different densities 
 
Figure 19 below plots the energy absorbed from impact for samples with varying 
densities. Much like the results found for maximum loads, the samples with the 
highest density showed the greatest amount of energy absorption; these samples 
absorbed approximately 92.8 joules from impact. Once porosity is introduced into 
the material structure, there is a large drop in energy absorption. The set of 
samples with the second highest density showed a drop in energy absorption of 
approximately 84% when compared to the densest set of samples. As more 
porosity is introduced into the material, the amount of energy absorption 
continues to drop. However, it is worth noting that the greatest change in energy 
absorption is seen when going from a non-porous to a porous structure. 
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Figure 19: Energy absorbed during drop-weight impact testing on samples with different 
densities 
 
Pictures of impacted specimens and fracture surfaces can be found in the 
appendix at the end of this document. 
 
 
4.3.4 Uniaxial Compression 
 
The results of uniaxial compression tests performed on the samples only resulted 
in the complete failure of the specimen with the lowest density. All other 
specimens reach a maximum load of 100 kN, which was a limit of our testing 
machine. However, it is worth noting that all specimens yielded during the test 
and had an overall reduction in length.  
As seen in Figure 20, the stress-strain curves for the samples with the highest 
density exemplified typical feature found in metals. The curve illustrates a linear 
region, followed by yielding and strain hardening of the material. 
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Figure 20: Stress-strain curve for sample 1E (8.04 g/cm3), which shows typical metallic 
behavior 
 
Specimens with induced porosity produced stress-strain curves that differentiated 
them from the sample with the highest density. The porous specimens 
demonstrated two linear regions in their stress strain curves. Figure 21 shows a 
stress-strain curve that exemplifies the pair of liner regions found in the porous 
specimens.  
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Figure 21: Stress-strain curve for sample 5E (5.80 g/cm3) shows foam-like behavior with 
the presence of two linear regions corresponding to foam collapse and densification 
 
It is worth noting that the stress-strain curves for the porous samples resemble 
those seen in foams. For foams, the first linear region corresponds to the elastic 
region while the second linear region corresponds to collapse of the foam 
structure. What is not seen, due to load limits of the test apparatus, is the 
densification region. 
 
For the test specimen that did achieve failure, the fracture surface of the material 
ran diagonally as shown in Figure 22.  
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Figure 22: Photograph of sample 4E, which is the only sample that reached failure 
 
Failure occurred at the peak of the second linear region on the stress-strain curve. 
As seen in Figure 23, the stress- strain curve showed a gradual drop in stress after 
failure. 
 
 
Figure 23: Stress-strain curve for sample 4E (5.35 g/cm3) shows failure occurring at the 
peak of the second linear region with a gradual load drop afterwards 
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Key values derived from the stress-strain curves are tabulated below in Table 17. 
The data show a few key trends in mechanical properties with respect to sample 
density. 
 
Table 17: Mechanical properties of samples with various densities derived from stress-
strain curves 
Test 
Specimen 
Bulk 
Density 
(g/cm3) 
Max 
Stress 
(MPa) 
Max 
Strain 
Slope of 
1st Linear 
Region 
(GPa) 
Slope of 
2nd Linear 
Region 
(GPa) 
Yield 
Strength 
(MPa) 
1E 8.04 794 0.0639 20.3 - 674 
1F 8.06 797 0.0677 20.1 - 673 
2E 6.66 808 0.2179 14.5 2.37 306 
3A 6.11 812 0.3025 10.5 2.07 184 
5E 5.80 814 0.3658 8.37 1.9 135 
4E 5.35 561* 0.377 5.68 1.31 95.7 
 
The maximum strain values for each test are plotted against density in the plot 
shown in Figure 24 below. It can be seen that the samples with the highest density 
had the lowest maximum strain. Once porosity is introduced into the materials, 
the maximum strain of the specimens increases with decreasing density (i.e. 
increasing porosity). The collapse of the foam-like internal structure allows for 
the porous materials to achieve such high strains. 
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Figure 24: Maximum strain values for samples with different densities 
 
Another mechanical property that varied with sample density is the yield strength. 
As seen in Figure 25, there is an increase in yield strength with increasing density. 
Although not linear, it can be seen that there is a smooth trend between yield 
strength and sample density. 
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Figure 25: Yield strength of samples with different densities 
 
An interesting trend is found when comparing the linear slopes for all of the 
samples tested. Figure 26 plots the slopes of the first and second linear regions 
against sample density. The slope of the first linear region appears to increase 
linearly with increasing sample density. The slope of the second line, on the other 
hand, maintains a relatively constant value for all density.  
 
Since the slope of the second linear region shows little dependence on density, it 
is believed that it is more representative of Inconel 718’s intrinsic material 
properties. The slope of the first linear region, on the other hand appears to have a 
greater dependence on the internal structure of the material, which is affected by 
sample density. The Gibson-Ashby model, shown in equation 11 below, is often 
used to relate a foam’s Young’s modulus to its densities. [60] 
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!!! ≈ !!! !     (Eq. 11) 
 
where E, Es, p, and ps correspond to the modulus of the foam, modulus of the solid 
material, density of the foam, and density of the solid material, respectively. Fitting a 
similar equation to the data collected results in the following relationship: 
 !!! = 0.383 !!! ! − 4.24     (Eq. 12) 
 
 
 
Figure 26: Slopes of the linear regions plotted against sample density 
 
 
4.3.5 Scanning Electron Microscopy 
 
Scanning electron microscopy images of the sample with the highest density are 
shown in the figures below. Figure 27 below shows the untreated surface at a 
magnification of 90x. The microstructure shows a series of parallel ridges that run 
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diagonally across the sample. These ridges correspond to the path of the laser as it 
made its final pass over the power bed, providing insight to the sintering path for 
each layer. 
 
 
Figure 27: SEM image of sample 1G (8.05 g/cm3) at 90x magnification. 
 
After imaging the surface of the same sample at higher magnifications, it can be 
seen that the each of the ridges has several imperfections. Figure 28 and Figure 29 
show the variation in surface texture at 190x and 300x magnification, 
respectively. 
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Figure 28: SEM image of sample 1G (8.05 g/cm3) at 190x magnification 
 
The surface finish of untreated samples seen in these images shows that there are 
several features that can act as stress concentrators under loading, even for the 
samples at the highest density. 
 
 
 
Figure 29: SEM image of sample 1G (8.05 g/cm3) at 300x magnification 
 
Once porosity is introduced, there is a significant change in the structure of the 
material at the micro scale. Instead of having a continuous solid structure, samples 
with lower densities showed the structure similar to an open-cell foam. 
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Figure 30 below shows an SEM image of untreated surface of sample 2G at 90x 
magnification. This sample has a density of 6.65 g/cm3, which is approximately 
81% of the full density of Inconel 718. The mesh-like structure of the material is 
periodic in nature, with a grid-like arrangement of unsintered regions. The struts 
composing the mesh have an approximate diameter of 75 µm with a spacing of 
approximately 150 µm. 
 
Figure 30: SEM image of sample 2G (6.65 g/cm3) at 90x magnification 
 
At higher magnifications it can be seen that some of the struts that compose the 
mesh structure are fractured. Figure 31 and Figure 32 show images of a fractured 
strut at 190x and 1000x magnification. It is worth noting that the region 
surrounding the fracture shows little to no necking. 
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Figure 31: SEM image of sample 2G (6.65 g/cm3) at 190x magnification. The region 
circled in red shows a fractured strut found in the mesh.   
 
 
 
 
Figure 32: SEM image of sample 2G (6.65 g/cm3) at 1000x magnification. This 
micrograph shows a fractured strut, despite the sample being untested. 
 
At higher magnification, the structures connecting successive print layers can be 
seen. Adjacent print layers are connected by struts that are out of the plane that 
runs parallel with the powder bed. Figure 33 illustrates an example of these struts. 
Looking more closely at the joints of the struts, it can be seen that the surface 
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texture of the material changes. The fold-like structure in these joints is more 
prominent in struts that connect adjacent print-layers. 
 
 
Figure 33: SEM image of sample 2G (6.65 g/cm3) at 300x magnification. The region 
circled in red shows a strut that goes out of plane. 
 
Increasing the spacing of the beam path results in lower density, which can be 
seen visually in the larger voids in the structure. Figure 34 and Figure 35 show the 
untreated surfaces of sample 3G, which has a bulk density that is approximately 
76% that of the theoretical density of Inconel 718. 
 
 
Figure 34: SEM image of sample 3G (6.20 g/cm3) at 90x magnification 
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Figure 35: SEM image of sample 3G (6.20 g/cm3) at 190x magnification 
 
Sample 3G also possesses the mesh-like structure found in sample 2G with struts 
having the same approximate diameter of 75 µm. However, the spacing between 
sintered rows is increased to 200 µm, which results in larger unsintered regions 
throughout the material.  
 
A large transition is seen when going from sample 3G to sample 5G, which only 
has a bulk density of approximately 70% of the theoretical density of Inconel 718. 
Figure 36 below shows that the mesh-like structure has begun to deteriorate. 
Large unsintered regions are scattered throughout the material, resulting in an 
incomplete mesh. This is an indication that the power settings used for the 
fabrication of this part was too weak to effectively sinter the material across such 
large spacings. 
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Figure 36: SEM image of sample 5G (5.77 g/cm3) at 90x magnification 
 
A larger magnification image of an incomplete strut is shown in Figure 37 below. 
Although the SEM has a limited depth of field, it can be seen that there is a 
continuous porous structure throughout the material. 
 
 
Figure 37: SEM image of sample 5G (5.77 g/cm3) at 190x magnification 
 
Measurements of the struts show that they have a diameter of approximately 75 
µm, just like the previous specimens. However, the sintered rows in this specimen 
have a periodic spacing of approximately 250 µm It is worth noting that this 
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sample had a large amount of unsintered powder scattered throughout the 
material. The powder particles had diameters ranging from 10 µm to 45 µm. 
 
Much like the incomplete mesh structure found in sample 5G, large unsintered 
regions were also found throughout the untreated surface of sample 4F. Figure 38 
and Figure 39 show the surface at 40x and 90x magnification, respectively. This 
specimen has a bulk density that is approximately 65.6% of the density of Inconel 
718. 
 
 
Figure 38: SEM image of sample 4F (5.38 g/cm3) at 40x magnification 
 
 
 
Figure 39: SEM image of sample 4F (5.38 g/cm3) at 90x magnification 
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These test specimens had a strut diameter of approximately 60 µm with a periodic 
spacing of 210 µm periodic spacing. This test specimen had that the highest 
density of unsintered powder dispersed throughout the structure. A large 
agglomeration of powder particles is shown in Figure 40 below, with particle 
diameters ranging from 10 µm to 40 µm. 
 
Figure 40: SEM image of sample 4F (5.38 g/cm3) at 1000x magnification 
  
More SEM images of the untreated surfaces can be found in the Appendix of this 
document. 
 
Scanning electron microscopy images of compression samples were taken before 
and after compression tests to determine the change in the structure after uniaxial 
compression. Figure 41 and Figure 42 show a side view of a compression sample 
prior to testing. These micrographs show large gaps between printed layers, 
illustrating that the porous structure of these materials runs in three dimensions.  
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Figure 41: SEM image of sample 5F (5.79 g/cm3) at 190x magnification 
 
 
Figure 42: SEM image of sample 5F (5.79 g/cm3) at 300x magnification 
 
After compression, there is a distinct change in the structure of the materials. 
Micrographs of compressed samples show a large density of spherical particles, even 
though the specimens were submerged in a sonic bath prior to SEM imaging. Figure 
43 and Figure 44 below show the presence of these particles. The spherical shape of 
these particles suggests that it is unsintered powder trapped within the internal 
structure. This illustrates that 1 hour of sonication is not enough to remove all of the 
internal powder. 
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Figure 43: SEM image of sample 5E (5.80 g/cm3) at 90x magnification 
 
 
 
Figure 44: SEM image of sample 5E (5.80 g/cm3) at 190x magnification 
 
SEM images also show that the layers of the material have collapsed after 
compression. The struts on successive layers have collapsed onto each other and 
have remained collapsed after unloading. Figure 45 and Figure 46 show that the 
internal structure has collapsed to the point where the porosity is no longer 
continuous throughout the material. 
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Figure 45: SEM image of sample 5E (5.80 g/cm3) at 190x magnification 
 
Figure 46: SEM image of sample 5E (5.80 g/cm3) at 190x magnification 
 
 
 
4.3.7 Micro-Computed Tomography 
 
Micro-CT images show the large variation in internal structure for samples with 
varying densities. As expected, the sample with the highest density showed a solid 
internal structure with no visible porosity (Figure 47). Since the sample density is 
below the theoretical, it is believed that any porosity within this sample is smaller 
than the instrument’s resolution. 
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Figure 47: Micro-CT image of sample 1B (8.01 g/cm3) 
 
The micro-CT images of samples with lower densities were in good agreement 
with the findings of SEM imaging. Once the spacing of the beam path is 
increased, there is a very distinct porous structure that forms. As was seen with 
SEM, the internal structure also shows a foam-like structure. Figure 48 shows a 
cross-section of sample 2A, which is the densest of the porous samples.  
 
 
Figure 48: Micro-CT image of sample 2A (6.67 g/cm3) 
 
The continuous porosity is better seen in materials with lower densities, such as 
sample 3A in Figure 49 below. The open-cell foam like structure consists of 
2mm 
2mm 
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cross-hatched layers that are staggered as progressing through the printing 
direction. 
 
 
Figure 49: Micro-CT image of sample 3A (5.72 g/cm3) 
 
The foam-like structure begins to deteriorate once too much porosity is introduced 
to the samples. Having too large of a beam path spacing results in large unsintered 
regions that are scattered throughout the specimens. 
 
 
Figure 50: Micro-CT image of sample 5A (4.63 g/cm3) 
 
2mm 
2µm 
 62 
As seen in Figure 50 above and Figure 51 below, the unsintered regions grow in 
size as bulk density is reduced. Additionally, the reduction in mass manifests 
itself in a reduction of strut diameter. 
 
 
Figure 51: Micro-CT image of sample 4A (4.26 g/cm3) 
 
Based on the discoveries made from micro-CT imaging, it can be concluded that 
further testing should not proceed with these densities that have large unsintered 
regions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2mm 
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CHAPTER 5: CONCLUSIONS 
 
 
5.1 Conclusions 
 
The goal of this work was to characterize two separate metallic systems. First, the 
mechanical properties of copper-carbon composites and covetics were 
investigated through the use of nanoindentation. Second, this study addressed 
effect of induced porosity on mechanical properties and structure of additive 
manufactured Inconel 718. Key conclusions and findings are outlined below. 
1. There was no distinct correlation found between carbon content and the 
hardness/modulus values of the copper covetic materials tested in this 
study. The covetics with 9 wt% C showed a peak value for hardness and 
Young’s modulus, with the 3 wt% C composition having the second 
highest values. It is worth noting that the base metal had relatively high 
hardness and modulus measurements, suggesting the slow cool down of 
the covetic specimens softened them.  
2. Nanoindentation testing of the W-series copper composites showed no 
distinct difference in hardness and modulus amongst the specimens tested 
in this study. 
3. Inducing porosity into Charpy impact specimens proved to dramatically 
reduce the amount of energy absorbed during drop-weight impact testing. 
4. Uniaxial compression tests showed that the specimens with the highest 
density had typical metallic behavior. The stress-strain curves for 
specimens with induced porosity had two distinct linear regions, 
resembling foam-like behavior. As density is decreased, the yield strength 
and slope of the first linear region also decreased. The slope of the second 
linear region remained relatively constant, suggesting it is intrinsic to the 
material tested. 
5. Scanning electron microscopy images showed that inducing porosity 
results in a structure resembling an open-cell foam. The two specimens 
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with the lowest density showed large voids that correspond to unsintered 
regions.  
6. Micro-computed tomography scans showed that the induced porosity is 
continuous throughout the material, despite the cross-hatched layers being 
staggered. 
 
 
5.2 Limitations and Future Work 
 
The scope of this study was to investigate the mechanical properties of copper 
covetics, copper-carbon composites, and additive manufactured Inconel. The 
points outlined below address some of the limitations of this work and potential 
future work relevant to this study. 
1. The thermal stability of the copper-carbon composites and copper covetics 
is not investigated in this study. Future work could investigate the change 
in carbon content after melting and determine the effect on mechanical 
properties. 
2. Since the addition of carbon-fillers has shown to improve conductivity, 
future work should investigate the electrical properties for various copper-
carbon compositions. 
3. Additive manufactured components did not undergo any post-processing. 
Further tests are needed to determine the evolution of residual stresses 
before and after post-processing.   
4. Additional mechanical tests are needed to better understand how additive 
manufactured materials behave under different loading conditions (e.g. 
tension, shear) 
5. Further material characterization is needed to determine the effect of 
powder oxidation on the quality of fabricated parts. 
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APPENDIX 
 
A.1 Photographs of Drop-weight Impact Specimens 
 
 
Figure 52: Sample 1H after a drop-weight impact test 
 
 
 
 
 
Figure 53: Impact location for sample 1H 
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Figure 54: Rough fracture surface of sample 2H 
 
 
 
 
Figure 55: Sample 2H after a drop-weight impact test 
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Figure 56: Fracture surface of sample 3H 
 
 
 
 
 
Figure 57: Sample 3H after a drop-weight impact test 
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Figure 58: Fracture surface of sample 5H 
 
 
 
 
 
Figure 59: Sample 5H after a drop-weight impact test 
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Figure 60: Fracture surface of sample 4H 
 
 
 
 
Figure 61: Sample 4H after a drop-weight impact test 
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A.2 Additional SEM Images 
 
 
 
 
Figure 62: SEM image of sample 3G (6.20 g/cm3) at 300x magnification 
 
 
 
 
Figure 63: SEM image of sample 3G (6.20 g/cm3) at 500x magnification 
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Figure 64: SEM image of sample 5G (5.77 g/cm3) at 300x magnification showing a 
fractured strut 
 
 
 
 
Figure 65: SEM image of sample 5G (5.77 g/cm3) at 1000x magnification give a close 
up of a fracture 
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Figure 66: SEM image of sample 4F (5.38 g/cm3) at 190x magnification shows 
unsintered regions  
 
  
 
 
Figure 67: SEM image of sample 4F (5.38 g/cm3) at 300x magnification 
 
 
 
 
 
